Abstract -A low mat software implementation of an angular velocity observer based control schome for a space vector PWM inverter fed synchronous reluctance motor is presented. A standard saturated machine d-q model neglecting iron losses is used for torque control. Excellent performance using the maximum torque per ampere strategy is confirmed by simulation and experimental results on an axially-laminated machine.
for spindle applications. Apart from being sensorless, the versatile TVC algorithm 111 has other important advantages such as: (a) machine-load parameter independent and thus robust; (b) essentially applicable to any brushless machine; and (c) features inhercntly decoupled torqueflux control suitable for hardware implementation. However, the low speed stability problems caused by voltage integration, stator resistance variations and noise effects represent a serious deficiency of TVC and all flux-observer based control schemes 19.101. hysteresis current loops [2] , faster dynamic response compared to constant flux controllers. However, there is control performance degradation if saturation is ignored in the model [Z, 31 and an algebraic cross coupling between the dq circuits due to iron losses is left uncompensated [2, 3, 9] . Several decoupling algorithms have been proposed to improve Syncrel transient capabilities [4, 5] and efficiency . The major drawback of some of this work is again the absence of magnetic saturation [5-71 but also the lack of experimental verification of simulation results [5, 6] . Clearly, the strong parameter dependence results in indirect torque control not being as simple and robust as stator-flux oricnted TVC. An exception to this is the analog controller described in [lo] . The insensitivity to both saturation and core loss influences has bcen achievcd by using the d-axis flux and the q-axis current as control variables.
Unlike the existing control implementations, which are either fully digital (DSP) [3-81, digital-analog [l] or purcly analog [2, 9, 101 , the one to be presented in this paper uses a PC processor and off-the-shelf digital hardware components. This design solution has been chosen mainly to allow maximum flexibility in the test system and because it is more economical than a DSP based configuration. Another nice feature of this platform is the large variety of software development tools available. The implemented control scheme is superior to those neglecting saturation but has the limitation of not compensating for iron loss effects.
11. CONTROL AI~GORITHM Syncrel is shown in Figure 1 and the layout of the control signal generation board used for its practical implementation is presented in Figure 7 . The real-time software was derived from a computer simulation proEram written Conventional vector controllers, on the other hand, provide smooth and accurate control over the entire speed range and loading conditions of the Syncrel as the dq con: trol currents are measurable quantities. They enable better machine efficiency (particularly at light loads) [I, 21 and, if implemented in analog hardware using high bandwidth
The block diagram of a vector control algorithm for the . -in IC'. The controller was based on a conventional d -q model irlcluding saturation but omitting iron losses.
The functions of the control blocks in Figure 1 in the order of execution through the main loop of the simulation program are as follows. In tho real-time code, the content of this loop is a part of the control interrupt service routine.
The phase currents calculator, together with the machinc-load simulator, emulates the sampling system for the machine currents. It converts the dq currents sampled over the previous control interval (id,," and iq,,,) A simple speed P I algorithm with the integrator antiwindup is executed next in the control flow to generate the desired electromagnetic torque ( T d ) required from the machine. 'rd is limited to a valne corresponding to the rated current, this being precomputed by MatlabQusing the steady-state model equations for thc maximum torque per ampere control strategy. Thc optimal i d d vs 'rd characteristic, generated in a similar manner, is stored in a look-up table and is used by the current reference generator for determining the dq current references The PWM generator implerncnts a conventional space vector based PWM algorithm with double edged modulation [12] and inverter dead-tiinc compensation [13]. It accepts the required dq voltage inputs from the current controller and then works out the switching pattern and switching times of inverter legs so that the average voltage vector is the desired. In the real system, the switching times are programmed into the timers that control the firing of IGBT's ( Figure 7 ). Note also that for the simulation purposes the inverter transistors are assumed to be ideal switches and the value of the dead-time is set to aero. In reality, however, this value is programmed into an overlap timer which protects against shoot through (Figure 7 ) .
COMPUTER SIMULATION STUDIES
The following performance results are obtained by rnnning the simulation program in Figure 1 at a 3-kHa control rate (which is also the switching frequency of an individual inverter leg). In the experimental controller this angle corresponding to the middle of the previous control interval for the conversion. This rotor angle value is taken to account for the d -q frame movement, which can be substantial at higher speeds. It is calculated by averaging the samples from the machine model at the present and previous control sampling instants. In a real system, these simulated samples are replaced by encoder measurements. All the Syncrel parameters needed for the control calculation (stator resistance, dq inductances and inertia constant) are generated by off-line testing and are summarised in the Appendix. The stator resistance and a dc link voltage ( v d c ) are assumed constant (in reality however the latter is varying and it is measured along with two stator currents). The same applies to L, as the low permeance q-axis flux paths are mainly through air. Measured values
are stored in lookup tables.
A high performance load model based observer algorithm [ll] is used to obtain accurate predictions of the rotor angular velocity ( U ) and position (8) for the beginning of the next control interval. The observer inputs are the position at the present control sampling instant (0,) from the model (in reality, an encoder output) and the estimated torque 7 = 3(Ld -L,)i& from the torque estimator. The closed-loop configuration in Figure 1 is achieved by feeding back the last observed position (from the previous control interval). This observer design has significant racies in the control current predictions and consequent errors in the applied voltages. Note also the switching ripples in the actual torque waveform. The prediction errors and torque ripple are larger at higher speeds and currents because of the increased influence of rotational voltages. In steady-state, on the other hand, the torque characteristic is smooth despite the high speed as the control prediction is then much better due to the absence of flux and hence induced voltages in the unloaded machine.
The dq currents needed for the machine to produce the torque in Figure 2 are shown in Figure 3 . It can be observed that there is very good tracking of desired trajectories which demonstrates the effectiveness of the torque controller. The effects of prediction errors and inverter switching are visible during transients at higher speeds. They manifest themselves in the fluctuations and slight drifting of the actual waveforms from the desired ones. These variations can be reduced by increasing the PI gains of the current loops. However, excessive increase may lead to instability of the control algorithm. The close similarity between the torque and q-axis current waveforms is evident from Figures 2 and 3 . This result is expected as the current response is much faster in the q-axis than in the &axis (L, << Ld) and consequently the q-axis current is essentially responsible for the torque dynamics, The function of the d-axis current is primarily to establish flux in the machine. It is therefore always kept positive (or zero) regardless of the torque sign determined by the q current.
Another interesting observation from Figure 3 is the little current deviations from zero at the steady state speed of the machine (1500-rpm). This can be explained by the minor control inaccuracies of the speed PI regulator resulting in the small non-zero command torque value (hardly visible in Fig. 2 due t o scaling) . It should be noted here that windage and bearing friction are ignored in the simulation.
IV. EXPERIMENTAL RESULTS
In order to verify the high performance of the optimal torque control scheme obtained from the simulation, experimental results have been generated for a 5.8-kW axiallylaminated Syncrel. Most of the variables used to plot the results are available directly from the control program.
An angular velocity observer was shown to have high accuracy as the speed estimates were in excellent agreement with the precision torque transducer measurements. Therefore, the observed speed will be considered to be the actual machine speed. Unfortunately, torque dynamic response could not be recorded on a digital oscilloscope for the reasons discussed in the Appendix. However, thc steady-state torque predictions from the control algorithm were fairly accurate as the Syncrel prototype had small iron losses. This is confirmed by the plots in Figure 4 produced for the test Syncrel operated under open-loop speed control at the rated current. Figure 4 illustrates a good agreement between the measured and estimated torque characteristics around the opti-1091 mal current angle of approximately 60" (w 58" predicted). Therefore, it is reasonable to assumc that these curves will also correspond well under transient conditions as the machine current is then maximum. Notice from the same figure the effects of torque control without iron loss compensation. The machine is obviously developing less torque at higher speeds and negative (stalling) torque at zero current angle [4, 14] . The torque production at 1500-rpm is however not significantly different from that at 300-rpm.
The Syncrel speed and estimated electromagnetic torque while varying the speed reference between f 1500-rpm are shown in Figure 5 . Smooth response and effective speed control at the desired value are clearly demonstrated in the top plot the speed reversal occuring in about 2.1-s with no overshoot. Similar results (2.0-4 were obtained by simulation (Fig. 2) . The essential differences between the test and simulated waveforms are the non-linear variation of the actual speed and better dynamic performance of the machine in the regenerative compared t o the motoring operating mode. It can be seen from Figure 6 that the rate of change of speed is higher during braking than while starting because of the largcr Syncrel torque in the first case. This unsymmetrical transient response of speed (and torque) is mainly a consequence of an uncompensated cross coupling between the dq axes caused by core losses
The experimental torque curve in the bottom plot of Figure 5 confirms the observations made about the corresponding simulated characteristic in Figure 2 . However, unlike the simulation, the torque values are clearly not zero at 1500-rpm, even though the machine is unloaded. Discrepancies between the simulation and test results are due to the presence of iron and mechanical losses in a real machine, model and parameter knowledge inaccuracies, as well as other practical effects.
The machine currents (average per control interval) in the dq axes required to achieve a speed reversal between f1500-rpm are presented in Figure 6 . The torque and q-axis current waveforms are almost exactly the samc in shape as predicted by the simulation studies. Also, switching ripple in the q-axis current waveform is larger than in the d-axis counterpart due to much lower inductance (although this is difficult to see with the scale on the diagram). Furthermore, notice that the dq currents are approximately equal at constant speed. This means that the current angle is near thc ideal optimum i.e. 4 5 O , sincc the machine is unsaturated, and has low core losses.
On the other hand during the transient periods the qaxis current is substantially larger than the d-axis current. The current angle has been increased above 45" to maximise the torque from the fully saturated machine. This angle rise mostly results from saturation as the iron loss effects are swamped by saturation influences at high current values (Figure 4) . Therefore, one may conclude that the dq currents arc accurately controlled so that the torque per ampere is optimised under all operating conditions of [4, 7, 101 . A cageless &pole axially-laminated Syncrel with a conventional 7.5-kW induction machine stator and a supply inverter using Mitsubishi IGBT power modules were both designed and built in the Department workshop. The rotor construction is similar to that from the University of Glasgow in Scotland [14] . The optimum torque performance parameters of the machine are listed in Table I .
The torque transducer (from Vibro-MeterQin Switzerland) has excellent frequency response (ml-kHz) making it suitable for dynamic testing. However, it was impossible to capture the machine torque waveform on a digital oscilloscope due to very noisy analog output signals from the transducer display unit. This noise resulted from capacitive earth-leakage currents (induced by inverter switchings) flowing through the transducer housing.
The DC load machine was fed from a Ward-Leonard based supply without electronic control. This limitation makes the existing test system suitable mainly for conducting steady-state or locked rotor tests but not for Syncrel/controller transient testing. The development of a DSP based control computer and a supply converter for the DC machine is in progress the objective being to build a dynamic dynamometer capable of emulating characteristics of the representative industrial loads.
The inverter hardware and a 10-bit absolute position encoder are interfaced to the CPU bus of a Pentium PC by means of the two programmable I/O boards with interrupt capabilities -a custom made control signal generation board ( Figure 7 ) and an off-the-shelf 12-bit multiplexed A/D data conversion board. Details of the design and functionality of these boards can be found in [16] . 
